Surface related multiple elimination (SRME) method is known to have difficulties in attenuating shallow water multiples. Particularly, for water-layer related multiples in very shallow water environments such as seabeach-shallow water areas because the primary water-bottom reflection that is required by SRME for predicting the multiples is not recorded due to near offset gap. Thus, predictive deconvolution in either x-t or tau-p domain is often used in processing workflow to suppress this kind of multiples in these situations. However, deconvolution also attenuates primary events that have a periodicity which is close to that of the water-layer. In this case study, we present a two-step processing workflow for removing free-surface multiples. Firstly, we use a multi-channel prediction filter estimated from the multiples for attenuating water-layer related multiples. Secondly, we apply SRME for suppressing other surface multiples generated by sub-surfaces underneath the water-bottom. We demonstrate that this workflow provides an optimal suppression of free-surface multiples on marine data that have been recorded in the Bohai Sea offshore eastern China.
Introduction
The Bohai Sea, consisting three bays Liaodong Bay, Bohai Bay and Laizhou Bay, is an almost enclosed internal sea of China with an area of 77,000km
2 (see Figure 1 ). The coastal line is 2,900km long and the average water depth is 18m (Fan and Song, 2000) . It has been known that abundant hydrocarbon deposits can be found in this area, especially the seabeach-shallow water area surrounding Bohai Bay (Shi and Zheng, 1994) , with an oil-bearing rock system covers an area of more than 24,000 km 2 . Sandstone reservoirs are the main productive beds in this area and mainly occur in the Lower Tertiary sediments at a depth of 2 to 3km (Chang, 1991) . The seabed of Bohai consists of mainly silts and fine sands (Fan and Song, 2000) . Thus, the acoustic impedance of the seabed is strong enough to make the seabed a source of multiple generator for water-layer related multiples. These very short-period multiples often interfere with the interpretation of the reservoirs. Therefore, it is important to optimally attenuate these multiples as well as other free-surface multiple for revealing the sub-surface structures.
One of the main challenges for multiple attenuation in very shallow water environment, such as the Bohai Sea, is that primary water-bottom reflection is not recorded because the reflection is post-critical. Consequently, SRME, which has been shown to be an effective multiple suppression method in many situations, has difficulties in attenuating waterlayer related multiples in very shallow water situations as it needs primary reflections for predicting multiples. Conventionally, predictive deconvolution in the x-t or -p domain is frequently used in processing workflow for attenuating shallow water multiples (Alái et al., 2002) . However, besides multiples, deconvolution also attenuates primary events that have a periodicity which is close to that of the water-layer. Moreover, -p deconvolution is highly sensitive to precise amplitude consistency of the traces across a gather (Schoenberger and Houston, 1998) . The methodology of estimating primaries from multiples for coping with missing water-bottom reflections has been demonstrated to be a viable alternative for attenuating shallow water multiples (Biersteker, 2001; Berkhout and Verschuur, 2006) . For instance, using multichannel prediction operator that is estimated from the multiples, it provides a way of estimating the water-bottom reflections from the water-layer multiples (Hargreaves, 2006) . Using an approach that is similar to this methodology as the first step, we demonstrate a two-step workflow, which involves SRME in the second step, for effectively attenuating surface multiples in the Bohai Sea.
Field data and pre-processing before multiple attenuation
The field data was acquired with a configuration of dual source and three cables. The cable length is 4.5km with the channel spacing of 12.5m. The cable separation is 100m and the sail line interval is 150m in the crossline direction. The guns were fired flip/flop at an interval of 25m (i.e. 50m per gun) which results in a nominal fold of 45. The nearest channel at the central cable is 150m from the source. From the seafloor bathymetry obtained from the navigation data as displayed in Figure 2 , it can be deduced that the waterbottom reflection is in the post-critical range even at the nearest channel. Pre-processing before the demultiple processes involve mainly noise attenuation and interpolation/extrapolation, besides normal processes such as de-signature and debubble. Swell noise and direct arrivals were suppressed in the shot-domain. Anti-leakage Fourier Transform method (Xu et al., 2005) was applied to infill and interpolate the data to fulfill the SRME requirement of having a shot at every receiver location.
Step 1: Water-layer related multiples attenuation Figure 3 shows the input stack of one of the lines that was acquired in the Bohai Sea after pre-processing. As mentioned above, the water-bottom reflection is clearly missing in the data. Hence, SRME is not suitable to be used for removing water-layer related multiples in this case. Instead, an approach similar to the ones suggested by Biersteker (2001) and Hargreaves (2006) is adopted for suppressing this kind of multiples. Following these methods, multiples present in the data are used for estimating (scaled version) primaries by applying a multichannel prediction filter, F w . The design window for F w should include either simple or peg-leg (or both) waterlayer multiples. In this case, a time window of 500-3000ms was selected. Moreover, the seafloor bathymetry information in Figure 2 was used for designing the gaps in the deconvolution process for obtaining F w . We also took into account the spatial noncausality property of the operator in deriving F w (Hung and Notfors, 2003) . Figure 4 depicts the F w estimated from the input data. It can be observed that the (scaled version) water-bottom reflection has been properly reconstructed.
By convolving the resultant operator F w with the input data, the water-layer multiple model can then be generated. Since the estimation process of F w has already included the effect of the surface operator, the multiple model has the correct amplitudes and phase for the water-layer multiples. Hence, in the subtraction process, we can use very short matching filters for adaptive subtraction. In this case, a filter length of four samples was applied. This minimizes the risks of changing other events significantly, especially those primary events that are close to the multiples. Figure  5 displays the subtraction result. It can be observed that most of the water-layer multiples have been effectively attenuated. This is evident in the auto-correlation plot. The effectiveness of the approach can be compared with that of -p deconvolution which is used routinely in processing workflow for removing short-period multiples. Figure 6 displays the result obtained by -p deconvolution with a gap of 32ms and a filter length of 240ms. Comparing with the result shown in Figure 5 , it can be seen that -p deconvolution is less effective in attenuating the waterlayer multiples in this case, as indicated in the autocorrelation plot. This is further confirmed by the difference stacks shown in Figure 7 .
Step 2: Other surface multiples attenuation by SRME Using the result of the previous step, this step involves the suppression of other free-surface multiples that are generated by deeper sub-surfaces by SRME. Since the water-layer multiples have already been handled, the data need to be first muted off (until below the water-bottom reflection time) to form the input for SRME. In practice, the length of the mute time is associated with the operator length of F w . In this case, the mute time was 100ms plus the water-bottom reflection time obtained from Figure 2 . To illustrate the usage of SRME on this data, Figure 8 depicts a common offset (550m) section of a deeper area after the attenuation of the water-layer related multiples. The surface multiples generated by the respective subsurfaces are clearly present. Applying 2D SRME on the data with a shot (and channel) spacing of 12.5m, the relatively flat multiples on the left were effectively removed, as shown in Figure 9 . However, due to 3D effect, the dipping multiples on the right were not attenuated properly, as shown in the difference section in Figure 10 . Thus, 3D SRME is needed to handle those multiples (Lin et al., 2005) . By binning and interpolating the data to a 12.5m×25m grid, we applied 3D SRME on the output from Step 1. Figure 11 displays the result and Figure 12 the difference section. They clearly show the advantage of applying 3D SRME on this data with a better suppression of surface multiples that exhibit dips in the crossline direction. 
Conclusions
By targeting the short-period and long-period multiples separately using multichannel prediction filter and 3D SRME respectively, we have demonstrated, through the case of the Bohai Sea, that the workflow helps to overcome the difficulty faced by SRME alone in attenuating freesurface multiples due to very shallow water. The advantage that both steps have the same data arrangement such as interpolation/extrapolation and data ordering means that the workflow provides an effective and yet efficient way for shallow water demultiple. . After 2D SRME. Figure 11 . After 3D SRME. Figure 12 . Difference section between input and 3D SRME result.
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Figure 10. Difference section between input and 2D SRME result.
